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Synchronized activity of sensory neurons
initiates cortical synchrony in a model of
neuropathic pain

Chao Chen1,2,8, Linlin Sun3,4,8, Avital Adler5, Hang Zhou 3, Licheng Zhang1,
Lihai Zhang1, Junhao Deng 1, Yang Bai6, Jinhui Zhang7, Guang Yang 3 ,
Wen-Biao Gan 6 & Peifu Tang1

Increased low frequency cortical oscillations are observed in people with
neuropathic pain, but the cause of such elevated cortical oscillations and their
impact on pain development remain unclear. By imaging neuronal activity in a
spared nerve injury (SNI) mouse model of neuropathic pain, we show that
neurons in dorsal root ganglia (DRG) and somatosensory cortex (S1) exhibit
synchronized activity after peripheral nerve injury. Notably, synchronized
activity of DRG neurons occurs within hours after injury and 1-2 days before
increased cortical oscillations. This DRG synchrony is initiated by axotomized
neurons and mediated by local purinergic signaling at the site of nerve injury.
We further show that synchronized DRG activity after SNI is responsible for
increasing low frequency cortical oscillations and synaptic remodeling in S1, as
well as for inducing animals’ pain-like behaviors. In naive mice, enhancing the
synchrony, not the level, of DRG neuronal activity causes synaptic changes in
S1 and pain-like behaviors similar to SNI mice. Taken together, these results
reveal the critical role of synchronized DRG neuronal activity in increasing
cortical plasticity and oscillations in a neuropathic pain model. These findings
also suggest the potential importance of detection and suppression of ele-
vated cortical oscillations in neuropathic pain states.

Neuropathic pain arises as a debilitating consequence of peripheral
nerve injury or insult. The mechanisms underlying neuropathic pain
remain unclear, and existing treatments are largely ineffective1. Low-
frequency cortical oscillations are often enhanced in neuropathic pain
patients and animal models2–10. Activity synchrony of spinal dorsal
horn neurons is also augmented under pain condition and after

noxious stimuli in rodents11–14. In addition, synchronized neuronal
activity is elevated between pain-related spinal15 and supraspinal
regions7,16–18. In the primary somatosensory cortex (S1), layer 2/3 (L2/3)
pyramidal neurons undergo a prolonged period of increased basal
activity during sustained pain states19,20 that is associated with an
increase in synchronization21,22. Although the increase of neuronal
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synchronization is widespread during the development of neuropathic
pain, the mechanisms and functional impact of such elevated activity
synchrony remain unknown.

The primary sensory neurons in dorsal root ganglia (DRG) detect
external stimuli and relay the signal to the central nervous system
(CNS)23. DRG neurons exhibit spontaneous hyperactivity upon nerve
injury24 or insult25, likely due to aberrant signaling at the injured site26,
as well asmaladaptive changes of receptors, enzymes and ion channels
in the ganglia27. The enhanced DRG neuronal activity could further
trigger plastic changes in the upstream pain pathway, including spinal
cord, subcortical and cortical regions27–31, leading to the development
of chronic pain20,28,31–33. Nevertheless, whether and how DRG neurons
contribute to increased cortical oscillations and plasticity under
chronic pain conditions remain unclear.

In this study, we took advantage of a newly-developedmethod to
monitor activity of DRG neurons in awake mice during neuropathic
pain development. We show synchronized activation of DRG neurons
occurs rapidly in a spared nerve injury (SNI) mouse model of pain.
Importantly, the synchrony, not the level, of DRG neuronal activity
after SNI is critical for increased cortical plasticity, enhanced cortical

oscillations, and pain hypersensitivity. Our findings reveal the impor-
tant role of DRG activity synchrony in promoting cortical plasticity and
oscillations in neuropathic pain development. They also suggest that
early detection and suppressionof increased cortical oscillations could
serve as an important means for the diagnosis and treatment of
chronic pain.

Results
Peripheral nerve injury increases cortical oscillation and syn-
chronized neuronal activity
To explore the origin and function of pain-related low-frequency cor-
tical oscillations,weused a SNImousemodel of neuropathic pain20,34,35,
in which axotomy of tibial and common peritoneal branches of sciatic
nerve resulted in mechanical allodynia (Supplementary Fig. 1a) and
ongoing pain behaviors (Supplementary Fig. 1b). By performing elec-
trocorticography (ECoG) recording in the mouse primary somato-
sensory cortex (S1), we found marked increases in the power of theta
(4–8Hz) band within 3 days, but not 3–24 hours, after SNI (Fig. 1a–d).
No significant difference was observed in delta (0.5–4Hz) and alpha
(8–12 Hz) band power within 3 days after SNI (Fig. 1c, Supplementary
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Fig. 1 | Peripheral nerve injury induces activity synchrony in S1. a Schematic
showing ECoG recording and Ca2+ imaging of L2/3 pyramidal neurons in S1 HL
region in awake behaving SNI mice. Pink inset: ECoG recording; gray inset: SNI
surgery. b Spectrograms of ECoG signals in S1 of awake behaving SNI mice. c ECoG
power spectra before (Pre), 3 hours, 1 day, and 3 days after SNI. d The mean power
in theta band (4–8Hz). e ECoG power in theta band correlates inversely with
mechanical paw withdraw threshold. f Representative two-photon images and
fluorescence traces of L2/3 pyramidal neurons in S1 before and after SNI. Arrows

point to cells with Ca2+ traces shown below. Scale, 50 μm. g Integrated Ca2+ activity
of L2/3 pyramidal neurons in S1. h Representative correlation coefficient matrix of
calcium transients fromall active neuron pairs in L2/3of S1. iCorrelation coefficient
of L2/3 pyramidal neurons in S1 before and after SNI. jCorrelation coefficient of L2/
3 pyramidal neurons in S1 correlates positively with the mean power in theta band.
Data are expressed as mean ± SEM. **P <0.01, *** P <0.001. See Table S1 for sta-
tistical details. Source data are provided as a Source Data file.
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Fig. 1c). The animals’ paw withdrawal threshold indicative of mechan-
ical allodynia showed a negative correlation with theta band power
(Fig. 1e), but no correlation with alpha band power (Supplementary
Fig. 1d). Thus, similar to neuropathic pain conditions in patients4,5,9,10

and animal models2,6,7, increased low-frequency cortical oscillations
are associated with pain development in SNI mice.

To better understand enhanced cortical oscillations after SNI, we
first examined the activity of layer 2/3 (L2/3) pyramidal neurons in S1 of
head-fixed mice with in vivo two-photon Ca2+ imaging (Fig. 1a; see
methods). We found that the integrated Ca2+ activity of L2/3 pyramidal
neurons in S1 was significantly higher 3–21 days, but not 3–24 hours,
after SNI (Fig. 1f, g, Supplementary Fig. 1e). Using Pearson’s correlation
coefficient (R) between the activity of neuronal pairs to evaluate the
level of synchronized activity, we found that synchrony of L2/3 pyr-
amidal neuronal activity increased significantly 3–21 days, but not
3–24 hours, after SNI (Fig. 1h, i, Supplementary Fig. 1f). The level of
activity synchrony was positively correlated with theta band power
(Fig. 1j), but not with alpha band power (Supplementary Fig.1i). In
addition, we also observed the increased level and synchrony of L5
pyramidal neuronal activity 3–21 days after SNI (Supplementary Fig.1g,
h). Given the crucial role of pyramidal neurons in the generation of
EEG/ECoG signals36,37, these results suggest that the SNI-induced
increase of cortical oscillations in theta band is at least partially due
to increased activity synchrony in pyramidal neurons in S1.

Injury induces synchronized activity in DRG before enhanced
cortical oscillation
Following nerve injury or inflammation, the excitability of peripheral
and cortical neurons in the pain pathway increases over time20,38–41.
DRGneurons are thefirst-order sensoryneurons for detecting external
stimuli and for conveying signals to CNS42,43. Suppressing DRG neu-
ronal activity has been shown to ameliorate chronic pain
development44–46. To investigate the potential contribution of DRG
neuronal activity to enhanced cortical activity synchrony, we per-
formed Ca2+ imaging of lumbar 4 (L4) DRG sensory neurons in awake
mice using a recently developed imaging technique25. Imaging was
performed after exposing the left L4DRG and fixing the spine between
L3–L5 with a custom-made metal sheet (see methods). We found that
the integrated Ca2+ activity of DRG neurons was significantly higher
within 3 hours after SNI when compared to pre-SNI (Fig. 2a–c;
Movie S1). Notably, when compared to pre-SNI, Pearson’s correlation
coefficient of DRG neuronal activity was about 2, 3, and 4 times higher
at 3 hours, 1 day, and 3 days after SNI (Fig. 2d, e; Supplementary Fig.
2d). These changeswere observed inmice after SNI, but not after sham
surgery (Supplementary Fig. 2a–f). In addition, the percentage of DRG
neuronal pairs displaying significant correlation of activity (see Data
Analysis) was substantially higher 1 day and 3 days after SNI as com-
pared to that in sham mice (Supplementary Fig. 2g). The increased
level and synchrony of DRGneuronal activity persist over 3weeks after
SNI (Supplementary Fig. 2h, i). Together, these results indicate that the
level and synchrony of DRG neuronal activity exhibit rapid (within
hours) andpersistent increase after SNI, 1–2days earlier than increased
cortical oscillation in S1.

When the sodium and potassium channel blocker lidocaine (1%)
was locally applied to the injured sciatic nerve 3days after SNI, the level
and synchrony of DRG neuronal activity reduced significantly
(Fig. 2f–h). Concomitantly, the level and synchrony of S1 cortical
neuronal activity, as well as ECoG theta band power were suppressed
(Fig. 2i–l, Supplementary Fig. 2j). Similar effects were observed after
peripheral application of the sodium channel blocker tetrodotoxin
(500nM) to the injured sciatic nerve (Supplementary Fig. 2k–p). In
addition, we administered lidocaine to the sciatic nerve three times a
day over 3 days after SNI and performed Ca2+ imaging in S1 on days 3
and 7 post-SNI (Supplementary Fig. 2q). We found that repeated per-
ipheral lidocaine administration in SNI mice decreased Ca2+ activity

level and synchrony in L2/3 pyramidal neurons when compared to the
controls with saline treatment (Supplementary Fig. 2r, s). Together,
these findings strongly suggest that hyper- and synchronized activity
in DRG sensory neurons after SNI are important for increased cortical
neuronal activity and synchrony, as well as low-frequency
oscillations in S1.

Axotomized neurons initiate DRG activity synchrony
Given the potential importance of DRG activity in cortical changes
after SNI, we further investigated factors contributing to the genera-
tion of DRG synchrony after SNI. We first examined if injured periph-
eral afferents are responsible for eliciting activity changes in DRG. In
this experiment, we injected retrograde nerve tracer DiI (red, 0.5% in
anhydrous alcohol) into the tibial branch of sciatic nerve in Thy1-
GCaMP6 mice to retrogradely label their somas in lumbar 4 DRG
(Fig. 3a–d). The activity of DiI-labeled GCaMP6-expressing tibial neu-
ronswasmeasuredbefore and after either tibial nerve injury (Fig. 3a–c)
or spared tibial nerve injury (Fig. 3d–f). Following tibial nerve trans-
ection, the activity level and synchrony of DiI-labeled tibial neurons
(injured afferents) increased significantly within 3 hours as compared
to preinjury baseline (Fig. 3b, c). In contrast, 3 hours after spared tibial
nerve injury (common peroneal and sural branches transected, tibial
branch intact) (Fig. 3d), both the activity level and synchrony of DiI-
labeled tibial neurons (uninjured afferents) were comparable to their
pre-injury baseline (Fig. 3e, f). Thus, axotomized rather than intact
neurons exhibit activity changes within hours after peripheral nerve
injury and are likely involved in the initiation of DRG activity syn-
chrony. Moreover, correlation coefficient R of axotomized neurons
showed a progressive increase within 3 days after SNI, indicating that
axotomized neurons contribute to DRG synchrony development
(Supplementary Fig 3a).

ATP released at the traumatic zone initiates DRG synchrony
Previous studies have shown that ATP is locally released in the trau-
matic zone after acute nerve injury and involved in nociceptive
transmission26. To explore whether ATP at the site of nerve injurymay
contribute to the elevated level and synchrony of DRG neuronal
activity after SNI, we measured the ATP level in living mice by mon-
itoring luminescence resulting from ATP-triggered luciferase break-
down of luciferin47,48. Real-time imaging showed that the ATP level
after surgery was substantially higher at the injury site in SNI mice as
compared to that in shammice (Fig. 4a, b). In shammice, low levels of
luminescence were observed around skin incision site 0.5 and 3 hours,
but not >8 hours after surgery. In SNImice, the level of luminescenceat
the injury site increased sharply within 0.5 to 3 hours after SNI and
reduced gradually afterwards (Fig. 4a, b), indicating that the high level
of ATP release persists for hours following nerve injury.

Injury-induced ATP release could activate axonal purinergic
receptors, leading to the excitation of DRG neurons and transduction
of nociceptive stimuli49. Consistently, western blotting experiments
showed that P2X3 receptors were highly expressed in peripheral
afferents in both sham and SNI groups. Furthermore, a significant up-
regulation of P2X3 receptor expression in injured fibers was observed
8 and 24 hours after SNI surgery when compared to the sham
group (Fig. 4c).

To test whether elevated ATP and P2X3 receptors at the site of
injury are important for DRG neuronal hyperactivity and synchrony
after SNI, we first examined neuronal Ca2+ response in DRG following
local administration of exogenous ATP (10mM) to the injured sciatic
nerve. Three to five minutes after ATP application in SNI mice, we
found a marked increase in the level and synchrony of DRG neuronal
activity (Fig. 4d–f). ATP application also exacerbated mechanical
allodynia as measured by animals’ paw withdrawal threshold (Fig. 4g).
In addition, local application of A-317491 (200μM), a selective
antagonist of P2X3 and P2X2/3 receptors, to the injured sciatic nerve
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after SNI reduced the level and synchrony of DRG neuronal activity,
and attenuated mechanical allodynia in the injured hind paw
(Fig. 4d–g). Furthermore, after local administration of ATP-
hydrolyzing enzyme apyrase (400U/mL) to the injured sciatic nerve
or insulating injured nerve ends by a plastic tube (Supplementary
Fig. 3b–f), the activity level and synchrony of DRG neurons dropped
significantly, along with the alleviation of mechanical allodynia in SNI
mice (Fig. 4d–g). The latter experiment of isolating nerve ends also
suggests thatATP released fromsurrounding tissue rather than injured
nerve itself is important for increased DRG synchrony. We also
examined neuronal Ca2+ response in DRG following local administra-
tion of UTP, an agonist in activation of P2Y receptor. We found a
moderate increase in the level and synchrony ofDRGneuronal activity.
Compared to UTP, ATP administration had stronger effect on DRG
neuronal activity in SNI mice (Supplementary Fig. 4a, b), suggesting
that multiple purinergic receptors may be involved in regulating DRG
neuronal activity.

Taken together, the results above suggest that high level of injury-
induced ATP release and up-regulation of P2X3 receptor expression
within several hours after SNI contribute to the initiation of DRG syn-
chrony. Furthermore, ATP released after SNI acts on P2X3 receptors of
injured nerve fibers to promote neuronal hyperactivity and synchrony
in the DRG, as well as animals’mechanical hypersensitivity in the early
phase of neuropathic pain development.

Peripheral purinergic signaling contributes to SNI-induced cor-
tical plasticity and oscillation
To investigate the impactof peripheral purinergic signaling further,we
examined somatic Ca2+ activity of L2/3 pyramidal neurons and recor-
ded ECoG in head-fixed mice after reinforcing DRG synchrony by
peripheral administration of ATP (Fig. 5a). In this experiment, ATP
(10mM, 3 times per day) was applied to the sciatic nerve for 3 days
after SNI surgery. We found that the level and synchrony of Ca2+

activity in L2/3 pyramidal neurons (Fig. 5b, c), as well as theta band
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power in ECoG recording (Fig. 5d, Supplementary Fig. 4a), were sig-
nificantly elevated after ATP treatment in SNI mice. In contrast, inhi-
biting DRG activity and synchrony by local administration of the P2X3

receptor antagonist A-317491 (200μM, 6 times a day) for 3 days
(Fig. 5a) reduced L2/3 pyramidal neuronal activity and synchrony, as
well as cortical theta oscillations (Fig. 5b, d, Supplementary Fig. 4c).
Thus, peripheral purinergic signaling after SNI not only enhances DRG
activity/synchrony, but also increases cortical synchrony.

Previous studies have shown that SNI increases the rapid remo-
deling of postsynaptic dendritic spines on apical dendrites of L5 pyr-
amidal neurons in S1, which may underlie long-lasting functional
changes in neuropathic pain50,51. Consistently, by repeated in vivo
imaging of the apical dendrites of L5 pyramidal neurons in Thy1-YFP
micewith two-photonmicroscopy52,53 (Fig. 5e), we observed significant
increases in dendritic spine formation and elimination over 3 days, but
not 1 and 2 days after SNI (Fig. 5f, h). Notably, repeated peripheral ATP
treatment for 3 days following SNI surgery increased the formation
rate of dendritic spines and exacerbated mechanical allodynia, while
repeated administration of P2X3 receptor antagonistA-317491 reduced
the rate of spine formation and relieved mechanical allodynia
(Fig. 5g–i).

Taken together, these results underscore that purinergic
signaling-dependent DRG neuronal activity/synchrony is critical for
enhanced cortical oscillation, synaptic structural remodeling, and
mechanical allodynia.

Increased DRG synchrony is critical for pain-related cortical
changes in naive mice
The experiments above show that increasing the level and synchrony
of DRG activity induces S1 plasticity and pain behavior after SNI.
However, it is unclearwhether the level or synchrony of DRG activity is
critical for these changes. To address this question, we took advantage
of previous findings that activating P2X7 receptor of satellite glial cells
with BzATP54,55 increases neuronal activity in the DRG56. For applying
BzATP to the DRG, a semicircular coverslip was used to cover 2/3 of
DRG with 1/3 of DRG exposed (see methods). Notably, we found that
local application of BzATP increased the level but not synchrony of
DRG activity (Fig. 6a–d). There was no significant difference in DRG
synchrony between pre-treatment condition and BzATP treatment
(Fig. 6e). In contrast, local application of ATP to the intact sciatic nerve
increased both the level and synchrony of DRG neuronal activity in a
dose-dependent manner (Supplementary Fig. 5a). Importantly, while
the level of integrated DRG activity elicited by 10mM ATP in the per-
ipherywas comparable to thatby0.5mMBzATP in theDRG (Fig. 6b, c),
ATP induced a significantly higher level of synchrony among DRG
neurons than BzATP (Fig. 6d, e; Supplementary Movies 2–4).

The above results provide us an opportunity to investigate whe-
ther the level or synchrony of DRG neuronal activity is important for
cortical changes in S1. Specifically, we administered either BzATP
(0.5mM, 10μL) to L3–L5 DRGs or ATP (10mM, 30μL) to the sciatic
nerve three times a day over 3 days in naive mice. To apply BzATP to
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double-labeled neurons before and 3 hours after tibial nerve injury. d Schematic
shows that DiI was injected into the tibial branch of the sciatic nerve and the other

twobranches (commonperoneal and sural nerves)were cut and ligated 7days after
injection. Upper right: representative images of double labeled tibial nerve-intact
neurons before and 3 hours after cutting other two nerves. Scale, 50μm. Lower
right: fluorescence traces of double labeled tibial nerve-intact-neurons shown in
upper right panels. e, fThe integratedCa2+ activity (e) and correlation coefficient (f)
of double-labeled neurons before and 3 hours after cutting common peroneal and
sural nerves. Data are expressed as mean ± SEM. ****P <0.0001. See Table S1 for
statistical details. Source data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-023-36093-z

Nature Communications |          (2023) 14:689 5



L3-5 DRGs, three silicone catheters with 0.5mm in inner diameter were
placed to the posterior edge of the surface of threeDRGs, respectively.
The catheterswere fixed to the vertebrae column to avoid rotation and
loosening (see methods). We then performed Ca2+ imaging and ECoG
recording in S1 (Fig. 6f). As expected, repeated peripheral ATP
administration in naive mice increased Ca2+ activity level (Fig. 6g) and
synchrony (Fig. 6h) in L2/3 pyramidal neurons aswell as ECoGpower in
theta band (Fig. 6i, j, Supplementary Fig. 5b) when compared to the
controls with saline treatment. However, repeated BzATP application
failed to cause any of these changes (Fig. 6g–j, Supplementary Fig. 5b).
Because the level of DRG activity increased after ATP or BzATP treat-
ment but only ATP increased the synchrony of DRG activity, these
findings indicate that increased activity synchrony, not level, of DRG
neurons is critical for enhanced synchrony of S1 pyramidal neuronal
activity and cortical oscillations.

Moreover, repeated imaging of dendritic spines of L5 pyramidal
neurons showed that spine formation was significantly increased
3 days after repeated ATP treatment in the sciatic nerve as compared
to the controls with saline treatment (Fig. 6k, l). No significant differ-
ence was found in spine elimination within 3 days following ATP
treatment (Fig. 6m). On the other hand, we found no significant dif-
ference in dendritic spine formation or elimination following repeated
BzATP treatmentwhen compared to the controls with saline treatment
(Fig. 6l,m). Thus, synchronized activation, rather thanelevated activity
level, of DRG neurons is also important for the reorganization of
synaptic connections in S1.

Notably, repeated peripheral ATP treatment also decreased the
paw withdrawal threshold substantially in naive mice, whereas BzATP
application had no effects on the animals’ paw withdrawal threshold
(Fig. 6n). In addition, conditional place preference (CPP) tests showed
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that mice subjected to repeated peripheral ATP treatment exhibited a
preference for the lidocaine-paired chamber as compared to saline
controls, indicating the presence of spontaneous ongoing pain in
these ATP-treated mice. However, mice subjected to repeated BzATP
application spent a similar amount of time in the lidocaine- and
vehicle-paired chamber (Fig. 6o). Taken together, these results show
that synchronous activity of DRG neurons induced by peripheral ATP
application causes mechanical hypersensitivity and persistent spon-
taneous pain-like behavior. These pain-like behaviors were absent in
mice with elevated but non-synchronized DRG neuronal activity
induced by BzATP treatment.

Discussion
Increased cortical synchrony is common in patients as well as animal
models of neuropathic pain3,5,8–10,57,58. The mechanisms and functional
impacts of enhanced cortical oscillations remain unknown. By mon-
itoring neuronal population activity in DRG and S1 in awake, behaving
mice, we show that synchronized activity of DRG neurons occurs
within hours after injury and 1–2 days prior to the increase in activity
synchrony of L2/3/5 pyramidal neurons and low-frequency cortical

oscillations in S1. Neuronal activity synchrony in DRG is initiated by
axotomized neurons and facilitated by local purinergic signaling at the
site of nerve injury. Importantly, the synchrony, not level, of DRG
neuronal activity is critical for cortical plasticity, mechanical hyper-
sensitivity, and spontaneous pain-like behavior. These findings reveal
the important role of the synchronized activity of DRG neurons in
enhanced cortical oscillations and neuronal plasticity in S1 in the
development of neuropathic pain.

The altered activity of DRG neurons is involved in the develop-
ment of neuropathic pain59,60. However, due to technical difficulties,
the DRG neuronal activity has not been investigated in awake animals
under pain conditions.Our discovery of DRGneuronal synchrony after
SNI benefits from the recent technological advancement of DRG ima-
ging in awake-behaving mice25, as DRG neuronal activity is largely
blocked in animals under anesthesia38,61. In addition to SNI mice, we
found that the level and synchrony of DRG neuronal activity were also
significantly higher in mice after plantar Complete Freund’s Adjuvant
(CFA) or formalin injection as compared to pre-injection (Supple-
mentary Fig. 6a–f), suggesting that synchronized activity of DRG
neuronsmay be a common feature in the development of chronic pain
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caused by nerve injury or inflammation. Of note, Although GCaMP6s
produces large fluorescence transients due to somatic calcium
increase triggered by a single action potential62, its slow dynamics
make it difficult to resolve the number of action potentials. Therefore,
our in vivo imaging data were not able to decode the firing rates of
these neurons.

Spontaneous and synchronized neuronal activity is thought to be
important for the development of sensory circuits63–65. Indeed, devel-
oping retinal ganglion neurons exhibit spontaneous co-activity in the
form of retinal waves before eye opening66. In the developing cochlea,
spiral ganglion neurons are also spontaneously co-active before the
hearing onset65. This synchronized neuronal activity from retina/per-
ipheral spiral ganglia is critical for establishing and maintaining tono-
topic maps in visual/auditory pathways67,68, likely through Hebbian
plasticity mechanisms such that synchronously active neurons tend to
be wired together with the same target cells64. Zheng et al.69 showed
that spontaneous DRG cluster firing mediated spontaneous pain, and
abnormal sprouting of sympatheticfibers into DRGmay be involved in
this synchronized activation. Following pain induction, there is an
increase in synchronized neuronal activity in S1, and artificially

increasing neuronal activity and synchrony reduces pain thresholds70.
It is possible that after nerve injury, synchronized neuronal activation
in DRG and S1 exerts a similarly profound impact on neuronal circuits,
leading to heightened cortical plasticity and emotional-behavioral
expressions of pain. In support, our results show that increasing or
decreasing peripheral DRG neuronal synchrony drastically enhances
or reduces pyramidal neuronal activity synchrony and dendritic spine
turnover, theta band power in S1, as well as pain sensitivity respec-
tively, underscoring that synchronized peripheral inputs are themajor
driving force for cortical changes during the development of
neuropathic pain.

Our data suggest that injured afferents become co-active as early
as 3 hours post SNI surgery, and that enhanced ATP signaling at the
traumatic zone is important for the progressive increase in DRG
activity synchrony. In the cochlear, the synchronized activity of spiral
ganglion neurons is triggered by spontaneously released ATP from
surrounding glia-like supporting cells65, and amplified by NMDA
receptor-dependent excitability, as pharmacologically blockingNMDA
receptors reduces the number of spiral ganglion cells that participate
in each synchronous event71. Gap junctions and NMDA receptors were
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also reported to be involved in the synchronous activation of neural
ensembles across sensory systems72–75. Whethermechanisms involving
gap junctions and glial cells underlie the increased DRG synchrony in
neuropathic pain development merits further investigation.

Although our results revealed the causal relationship between
DRG synchrony, pyramidal neuron synchrony and 4–8Hz oscillations
in S1, how synchronized DRG activity enhance S1 oscillations over
extended periods of time is complicated and likely involves pro-
gressive changes of multiple cell types (glial22,32,76, inhibitory
neurons20,22 and pyramidal neurons19,20) at molecular and cellular
levels. While our study identifies DRG synchronized activity as the
driving force for cortical changes and increased S1 oscillations, the
mechanistic links between DRG synchrony and S1 oscillations remain
to be established in the future. In the present study, we employed a
drug delivery approach for DRG synchrony and asynchrony induction.
Since the expression of opsins in DRG neurons combined with trans-
dermal light illumination could successfully modulate DRG neuronal
activity and pain intensity77, such an optogenetic approach may be
more precise for DRG synchrony induction andmechanistic studies in
the future.

Predicting pain intensity objectively in patients with chronic
pain is currently challenging but important for appropriate pain
treatment22. Previous studies from patients and animals have reported
changes in electrical activity over wide frequency ranges under pain
condition3–5,22. Our study implicates that among diverse oscillatory
rhythms, low-frequency cortical oscillations, particularly at the theta
range, was significantly enhanced during neuropathic pain develop-
ment. This is consistent with observations in human subjects that
enhanced theta oscillatory occurs in pain states8,9. On the other hand,
Tan et al.22 reported that gamma oscillations, but not other rhythms,
are specifically strengthened in the S1 cortex of mice upon noxious
stimulation. Gamma oscillatory has also been linked to the pain states
elicited by noxious stimuli in human subjects78–80. It is important to
note that in our study, low-frequency cortical oscillations are asso-
ciated with spontaneous electrical activity rather than stimulus-
induced oscillatory activity as reported in other studies22. Our find-
ings of DRG neuronal synchrony provide novel insights into the origin
and impact of increased synchronization of neuronal networks during
pain development. They suggest that DRG synchrony and cortical
oscilations could be potential biomarker for developing analgesics.
Furthermore, suppressing peripheral activity synchronization could
be a new strategy for chronic pain treatment.

Methods
Experimental animals
Transgenic mice expressing GCaMP6s in a subset of afferent neurons
in DRGs and in layer 2/3 pyramidal neurons, Thy1-GCaMP6 slow line 3,
were used. In DRG, GCaMP6 expression was observed in a subset of
primary sensory neurons25,81. Transgenic mice expressing YFP in layer
five pyramidal neurons, Thy1-H-YFP line were obtained from the Jack-
son Laboratory. Wildtype C57BL6J mice were obtained from the Jack-
son Laboratory. Ten to 14-week-old animals of both sexes were used
for all experiments. Mice were group-housed in rooms with tempera-
ture control of 25 Celsius degree and humidity ~50% on a 12-h light-
dark cycle and were randomly assigned to different treatment groups.
IACUC Institutional Review Boards at Shenzhen Bay Laboratory, New
York University, and Columbia University approved all animal proce-
dures. Experiments were conducted in accordance with the National
Institute of Health Guide for the Care and Use of Laboratory Animals.

Animal models
Spared SNI of the sciatic nerve or sham operation was performed in
Thy1-GCaMP6s mice34. In brief, mice were anesthetized with 3.5% iso-
flurane in air. Anesthesia was maintained with 1.2% isoflurane in air. A
0.5 cm-long incision in the left thigh was made to expose the sciatic

nerve and its three branches. The common peroneal nerve and tibial
nerve were ligated and axotomized by removing a 2–4mm piece of
each distal nerve stump. The sural nerve was kept intact. For sham
surgery, the sciatic nerve was exposed but not ligated or cut. In the
case of tibial nerve injury (Fig. 3a), tibial nerve was ligated and cut,
while in the case of spared tibial nerve injury (Fig. 3d), common per-
oneal nerve and sural nerve were ligated and cut.

Inflammatory pain was induced by subcutaneous CFA82 or for-
malin injection83. Specifically, 10 µLCFA (mixedwith saline in a 1:1 ratio)
or 10 µL formalin (2%) solution was injected under the plantar surface
of the left hindpaw with a 30-gauge needle.

In vivo DRG Ca2+ imaging
In vivo imaging of L4 DRG in awake mice was performed according to
method described recently25. In brief, mice were placed in a 2.9-cm-
diameter transparent plastic cylinder to attenuate motion artifacts.
The cylinder was then mounted onto a heavy metal base. Before ima-
ging, mice were habituated for at least 30min. Thy1-GCaMP6s mice
were used for Ca2+ imaging of afferent sensory somas in the DRG.
Imaging was performed using a Bruker two-photon system equipped
with a DeepSee Ti:sapphire laser (Spectra Physics) tuned to 920nm.
The average laser power on the sample was ~20–30mW. Images were
collected at frame rates of 1.3–1.7 Hz at a resolution of 512 × 512 pixels
using a ×25 objective (NA = 1.05; Olympus America) immersed in arti-
ficial cerebrospinal fluid (ACSF) and with a 1× digital zoom. Image
acquisition was performed using Bruker PrairieView software.

In vivo Ca2+ imaging in S1 HL region
Ca2+ imaging in L2/3 of S1 hindlimb (HL) was performed in awake mice
through a thinned skull window53. In brief,micewere anesthetizedwith
an intraperitoneal injection of 100mg/kg ketamine and 15mg/kg
xylazine (KX), and the head was shaved and the skull surface was
exposed with a midline scalp incision. After removing the periosteum
tissue, a head holder was attached to the skull surface with cyanoa-
crylate glue (Loctite 495) and dental acrylic cement. After identifying
the hindlimb region of S1 in the contralateral hemisphere on the basis
of stereotaxic coordinates (0.5mm posterior and 1.5mm lateral to the
bregma), a high-speed micro-drill was used to thin a circular area
(~0.2mm in diameter) to a thickness of ~20μm. The exposed skull was
covered with a thin layer of Kwik-Sil® silicone elastomer. Imaging was
performed 24 hours after surgery in well-habituated mice. Before
imaging, the skull was immersed in ACSF and the head-restrained
animal was then placed on the stage of a two-photon laser scanning
microscopy. In some experiments (Fig. 1f), somatic activity of L2/3
pyramidal neurons was repeatedly imaged over a period of 3 days
through a reinforced thinned skull window84.

Two-photon imaging of dendritic spines in S1 HL region
The surgical procedure for chronic transcranial two-photon imaging
has been described previously52. While the animal was under deep KX
anesthesia, the skull surface was exposed with amidline scalp incision,
and a 0.2-mm-diameter skull region over the S1 HL region was identi-
fied based on stereotaxic coordinates. A custom-made, stainless steel
plate was glued to the skull with a central opening over the cortical
region of interest. Apical tuft dendrites of layer 5 pyramidal neurons in
S1 were repeatedly imaged over a period of 3 days. Image stacks of
dendritic segments located in the superficial cortical layer were
obtained using a Bruker two-photon microscope with the laser tuned
to 920nm and with a ×25 objective (NA = 1.05; Olympus America)
immersed in ACSF. A 3× digital zoom was used to yield high-
magnification images (169μm× 169μm; 1024 pixel × 1024 pixel,
0.75μm Z-step size) suitable for quantification of dendritic spines.
For multiple imaging, the above procedure was repeated
and the localization of the same region was facilitated by low-
magnification image stack at 1× digital zoom (508.43μm×508.43μm;
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1024 pixel × 1024 pixel) and with reference to vascular landmarks
under the thinned skull area. The animal was head-restrained during
image acquisition, which lasted ~30minutes. The scalp incision was
immediately sutured after each imaging session.

Bioluminescence imaging of ATP
ATP released from the sciatic nerve and surrounding tissuewas imaged
by an IVIS Spectrum (Caliper Life Sciences, MA). D-Luciferase/luciferin
solution [Thermo Fisher, A22066, D-Luciferase (0.5mg/mL), luciferin
(3mg/mL)] was prepared with 1× DPBS (Dulbecco’s phosphate-
buffered saline) solution. A volume of 100μL was administered sys-
temically via retro-orbital injection when the mice were maintained
under isoflurane anesthesia. Bioluminescence imageswere taken using
an IVIS Spectrum with 60 second exposure time, medium binning (8),
and f/stop 1. Light outputs were quantified using Living Image 4.5.5
(Caliper Life Sciences, Alameda, CA).

Surgical procedure for in vivo DRG imaging
Surgical procedure for DRG window implantation was performed as
described recently25. In brief, mice were deeply anesthetized with KX
and placed under a stereomicroscope (Leica MZ12.5; Leica Micro-
systems). A 1-cm-long incision wasmade in the dorsal skin at the L3–L5
level of the spine, and the muscles along the lateral aspects of L3–L5
were detached and then retractedwith a custom-mademetal sheet. To
expose the left L4 DRG, we aligned the long bracket of the imaging
device with the left side of L4–L5 vertebrae and short bracket with the
right side, and then registered the two brackets with a locking screw.
After trimming articular processes around the DRG, a thin layer of
Kwik-Sil® silicone elastomer and a round coverslip was placed on top.
For applying drugs to the DRG, a semicircular coverslip was used to
cover 2/3 of DRGwith 1/3 of DRG and 1-mm-long spinal nerve exposed.
The exposed nerve tissuewas protectedwith 1% agarose. The coverslip
was secured to the vertebrae mount by cyanoacrylate and dental
acrylic. Throughout the surgical procedure and recovery, the animal’s
body temperature was maintained at ~37 oC.

Electrode implantation and ECoG recording in S1 HL region
Under KX anesthesia, mice were head-fixed with a stereotaxic appa-
ratus. A small skin incision was used to expose the skull and a small
area of skull (~1mm in diameter) over S1 contralateral to the left hind
paw (0.5mmposterior to and 1.5mmlateral frombregma)was thinned
with a high-speed drill and carefully removed with forceps. Two elec-
trodes for ECoG recording were made by soldering one end of an
epoxy-coated silver wire (0.003 inch in diameter, A-M Systems) to a
female miniature multichannel connector. The electrodes were inser-
ted above the dura mater of the cortex with the tips separated from
each other by ~500μm. The electrodes were fixed by cyanoacrylate-
based glue and dental cement. When simultaneously performing Ca2+

imaging of L2/3 pyramidal neurons in S1, two ECoG electrodes were
placed in the area close to S1 (2.0mm posterior and 1.5mm lateral to
the bregma). Two copper wires were placed in the nuchal muscles for
electromyographic (EMG) recordings. Recording sessions began 3-5
days after electrode implants. Connectors from ECoG electrode were
tethered topreamplifier headstage leading to amultichannel amplifier.
Simultaneously recorded ECoG and EMG signals were amplified 500
times (BL-420F Data acquisition and analysis system, Techman Soft-
ware Co.LTD, Chengdu, China) and ECoG data were analyzed using
custom code in MATLAB (Mathworks, R2017b, Natick, MA). The code,
a demo, and instructions for analysis are provided in Supplementary
Software 1.

Fast Fourier transformation was performed to convert ECoG
waveform from the time domain to the frequency domain, yielding
power spectra density using 11.46 sec (Simultaneously record Ca2+

activity of L2/3 pyramidal neurons in S1, 11.46 sec = 10 imaging frames)
or 10 sec time intervals during awake resting state (no noticeable

movement and sleep) in each animal. Relative power values were
generated at a sampling frequency of 5 kHz between 0.5 and 40Hz.
Mean power spectra density was calculated between 0.5–4 (delta
band), 4–8 (theta band), and 8–12 Hz (alpha band).

DiI labeling
To label the tibial branch-specific-neurons in the L4 DRG, the retro-
grade nerve tracer DiI (D282, Thermo Fisher, 0.5% in anhydrous alco-
hol; 0.2μL) was injected (Picospritzer III; 15 p.s.i., 12ms, 0.8Hz) into
the trunk of tibial nerve using a glass microelectrode over a period of
8–10min.

Sciatic nerve isolation in SNI mice
Mice were anesthetized with isoflurane and a 0.8-cm-long incision was
made on the dorsal skin of the left thigh. The muscles attached to the
femur bone were detached and distal 2/3 of the femur was exposed. A
high-speed drill was used to create two 0.5-mm-diameter holes on the
distal 1/3 and 1/4 of the femur with. With the aid of these two holes, a
plastic bottle (7-mm-long; 3-mm-inner diameter of the body; 1-mm-
inner diameter of the neck) without lid and bottom was tied to the
femur using the 6–0 suture (Supplementary Fig. 3a, b). The distal and
proximal ends of the bottle were sealed with silicone elastomer to
prevent connective tissue from invading, and then the incision was
closed.

Tominimize thepotential effects of surgery-related inflammation,
SNI surgery was performed 7 days after bottle implantation (Supple-
mentary Fig. 3c). Three days after SNI surgery, DRG imaging was first
performed before nerve isolation. Thereafter, the proximal nerve end
was pulled into the bottle through a suture attached to the nerve end,
and the nerve was overhang inside the bottle without tension and
compression at the bottleneck (Supplementary Fig. 3d). The bottlewas
subsequentlyfilledwith 0.9% saline and sealedwith silicone elastomer.
DRG imaging was performed 6–8 hours after nerve isolation so as to
minimize nerve irritation (Supplementary Fig. 3e).

Catheter implantation to the surface of DRG
A 1.0-cm-long incision wasmade in the dorsal skin along the L3–L5 of
the spine under deep KX anesthesia. Muscles and ligaments attached
to the lateral aspects of the three vertebrae were detached using
surgical scissors. The connective tissue over the DRGs was removed
and three silicone catheters with 0.5mm in inner diameter were
inserted into the posterior edge of the surface of L3–L5 DRGs,
respectively, to avoid injury to DRGs. The catheters were fixed to the
vertebrae column using 8-0 suture. At least two points of each
catheter were fixed to the ligamenta interspinalia and spinous pro-
cesses to avoid rotation and loosening. Guidewire was inserted in the
silicone catheters to prevent potential blockage by connective tissue
or blood clots, pulledout before each drugdelivery, and reinserted in
the catheters afterwards. At the end of the behavioral experiments,
we confirmed that the tip of the intrathecal catheter placement was
near the DRG surface.

Drug delivery
ATP (A2383, Sigma-Aldrich), A-317491 (A2927, Sigma-Aldrich), or
apyrase (A6535, Sigma-Aldrich) were locally applied with 100μL
microinjector to the sciatic nerve at the incision site. Entry point was
located medial to linea aspera (third trochanter) of the fumer that was
easily identified. ATP (5–30mM), A-317491 (200 μM) and apyrase
(400U/mL) were dissolved directly in 0.9% saline solution to final
concentrations. ATP and A-317491 were applied once (30 μL), and
apyrasewas applied four timeswithin 30minutes (50μL every 10min).
To examine the effect of BzATP on DRG neuronal activity by in vivo
DRG imaging, distal 1/3 of DRGwere exposed for drug delivery. BzATP
(ab120444, Abcam, 0.5mM, 30μL) was locally applied to distal 1/3 of
DRG during in vivo imaging (See Surgical procedure for in vivo DRG
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imaging). To examine the behavioral effects of DRG asynchrony
induction, BzATP (0.5mM, 10μL) was delivered via intrathecally
implanted catheter, with three tips placed adjacent to the left lumbar
3–5 DRGs respectively.

Behavioral tests
For mechanical allodynia test, mice were individually placed into
transparent plastic boxes (10 cm× 7 cm× 7 cm) over a mesh table and
habituated for at least 30min prior to testing procedures. Dixon’s up
and down method was employed to measure the animals’ paw with-
drawal threshold85. In short, a series of von Frey fibers (0.008, 0.02,
0.07, 0.16, 0.4, 0.6, 1.0, 1.4, 2.0, and 4.0 g) were presented in a con-
secutive ascending order. In the absence of paw withdrawal response,
the next stronger stimulus was presented; in the event of paw with-
drawal, the next weaker stimulus was chosen. After the response
threshold was first crossed, 6 data points were counted, at which time
the 2 responses straddling the threshold were retrospectively desig-
nated as the first 2 responses of the series of 6. 50% response threshold
was calculated as: 50% g threshold = (10 [Xf + κδ])/10,000whereXf = value
(in log units) of the final von Frey hair used; κ = tabular value for the
pattern of positive/negative responses86; and δ =mean difference (in
log units) between stimuli (here, 0.2699).

The CPP test was performed as previously described87. Briefly, the
test apparatus consisted of a shuttle-box that was divided into two
compartments of the same size (32 cm× 15 cm× 25 cm; Varese, Italy)
by a guillotine door (4 cm wide × 6 cm high). Each compartment had
different visual and textured cues (e.g. wall patterns, floor patterns,
and texture). Mice were habituated to the apparatus for 10min for 3
consecutive days prior to conditioning. In the pre-conditioning phase
(day 0), animals were placed in the apparatus and the door was
removed to allowanimals free access to both chambers for 10min. The
time spent in each compartment was recorded. The animals showing
strong unconditioned preference (>400 s) were discarded. On day 1,
mice were randomly assigned for SNI or sham surgery (Supplementary
Fig. 1b), ormicewere randomly assigned for routine injection of ATP to
the sciatic nerve or BzATP to L3–L5 DRGs (Fig. 6o). During con-
ditioning (days 1–3), mice were injected with vehicle control (5μL
saline, i.th.) in the morning and immediately confined to the paired
compartment for 30min; ~6 hours later, the mice were injected with
lidocaine (0.04% in 5 μL saline, i.th.), and immediately placed in the
other compartment for 30min. Chambers were counter-balanced
assigned for drug pairing in all the test mice. CPP test was carried out
on day 4. Micewere placed in the apparatus and allowed free access to
both compartments for 10min. The time spent in each compartment
was recorded for each animal.

Western blot assay
A length of 0.5mm of the injured nerve trunk proximal to DRG was
collected for Western blot assay. Protein samples were prepared and
loaded onto a 4–15% stacking/7.5% separating SDS-polyacrylamide gel
(Bio-Rad, 345-0032) as reported previously88. The proteins on the gel
were then electrophoretically transferred onto a polyvinylidene
difluoride membrane (Bio-Rad, 162-0233). Membranes were blocked
with 3% nonfat milk in Tris-buffered saline containing 0.1% Tween-20
(pH = 7.40) for 1 hour at room temperature. Membranes were first
incubated with rabbit anti-P2X3 (Sigma, AB5895, 1:500) on an orbital
shaker in 4 °C cold room overnight, then further incubated with goat
anti-rabbit horseradish peroxidase-conjugated secondary antibody
(1:3000; Jackson ImmunoResearch) for 2 hours at room temperature
and visualized by western peroxide reagent and luminol/enhancer
reagent (Clarity Western ECL Substrate, Bio-Rad). Images were gener-
ated with the ChemiDoc XRS System with Image Lab software (Bio-
Rad). Intensities of protein bands were quantified using the Image Lab
software. Values of P2X3 proteins were normalized to those of β-actin.

Data analysis
To analyze Ca2+ activity, regions of interest (ROIs) corresponding to
visually identifiable somas of DRG neurons were selected for quanti-
fication at the depth of 30–200μmbelow the surface of DRG. ROIs for
L2/3 somas in S1 were selected at the depth of 200–250 µm below the
pial surface. The fluorescence in each soma was measured with NIH
ImageJ by averaging all pixels within the ROI covering the soma. The
ΔF/F0 was calculated as ΔF/F0 = (F−F0)/F0, where F0 is the baseline
fluorescence signal averaged over a 2-s period corresponding to the
lowest fluorescence signal over the 2.5-min recording period. Inte-
grated Ca2+ activity is the sumofΔF/F0 over 2.5min. Active somas were
defined with the criteria that Ca2+ transient was beyond the threshold
of three times the standard deviation of the baseline.

We calculated the cross-correlation for all cell pairs that were
imaged simultaneously. Only cells displaying active Ca2+ transients
were included in the analysis. We calculated the cross-correlation over
the time course of 150 seconds. To determine the significance of the
correlation at zero time lag we used bootstrap shuffling. Specifically,
we shuffled the activity of one cell by a random amount relative to the
activity of the paired cell and then re-calculated the cross-correlation
for the shuffled data. We repeated this process 500 times and calcu-
lated the number of times the value of the cross-correlation at zero
time lag for the shuffled data was higher than the original data. If the
value of the shuffled data was higher than the original data in <5% of
the shuffles, we considered the correlation between the cell pair to be
significant. Data analysis was performed using toolboxes and custom
code in MATLAB.

Theprocedure forquantifying spine dynamicshas beendescribed
in our previous studies52,53. Briefly, image stacks were analyzed using
NIH Image J software. For each dendritic segment analyzed, filopodia
were identified as long, thin protrusions with a ratio of head diameter
to neck diameter <1.2:1 and a ratio of length to neck diameter >3:1. The
remaining protrusions were classified as spines. Spines were con-
sidered the same between views if their positions remained the same
distance from relative adjacent landmarks. Spines were considered
different if they were >0.7μm away from their expected positions
based on the first view. More than 150 spines were analyzed from each
animal. The minimum length of dendritic branches included in the
analysis was over 30 µm. The formation or elimination rates of spines
were measured as the number of spines formed or eliminated divided
by the number of spines existing in the first view.

Statistical analysis
Summary data are presented as means ± sem. Sample sizes were
chosen to ensure adequate power with the statistical tests
while minimizing the number of animals used in compliance with
ethical guidelines. No samples or animals that were successfully
imaged or measured were excluded from the analysis. The variance
was similar between the groups that were statistically compared.
Tests for differences between two populations were performed
using unpaired or paired t test. One-way or two-way analysis of
variance followed by Dunnett’s or Tukey’s test was also used to
compare the significance between various groups. Significant levels
were set at P ≤ 0.05. All statistical analyses were performed using
GraphPad Prism.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All the data generated in this study are provided in the Supplementary
Information and Source Data file. Source data are provided with
this paper.

Article https://doi.org/10.1038/s41467-023-36093-z

Nature Communications |          (2023) 14:689 11



Code availability
Codes and demo files are provided in the Supplementary Information.

References
1. Grosser, T., Woolf, C. J. & FitzGerald, G. A. Time for nonaddictive

relief of pain. Science 355, 1026–1027 (2017).
2. Choi, S., Yu, E., Hwang, E. & Llinas, R. R. Pathophysiological impli-

cation of CaV3.1 T-type Ca2+ channels in trigeminal neuropathic
pain. Proc. Natl Acad. Sci. USA 113, 2270–2275 (2016).

3. Drewes, A.M. et al. Is the pain in chronic pancreatitis of neuropathic
origin?Support fromEEGstudiesduringexperimental pain.World J.
Gastroenterol. 14, 4020–4027 (2008).

4. Furman, A. J. et al. Cerebral peak alpha frequency predicts indivi-
dual differences in pain sensitivity. Neuroimage 167,
203–210 (2018).

5. Gonzalez-Roldan, A. M., Cifre, I., Sitges, C. & Montoya, P. Altered
dynamic of EEG oscillations in fibromyalgia patients at rest. Pain.
Med 17, 1058–1068 (2016).

6. LeBlanc, B. W. et al. Thalamic bursts down-regulate cortical theta
and nociceptive behavior. Sci. Rep. 7, 2482 (2017).

7. Leblanc, B. W., Lii, T. R., Silverman, A. E., Alleyne, R. T. & Saab, C. Y.
Cortical theta is increased while thalamocortical coherence is
decreased in rat models of acute and chronic pain. Pain 155,
773–782 (2014).

8. Pinheiro, E. S. et al. Electroencephalographic patterns in chronic
pain: a systematic review of the literature. PLoS One 11,
e0149085 (2016).

9. Sarnthein, J., Stern, J., Aufenberg, C., Rousson, V. & Jeanmonod, D.
Increased EEG power and slowed dominant frequency in patients
with neurogenic pain. Brain 129, 55–64 (2006).

10. Stern, J., Jeanmonod, D. & Sarnthein, J. Persistent EEG over-
activation in the cortical pain matrix of neurogenic pain patients.
Neuroimage 31, 721–731 (2006).

11. Biella, G., Riva, L. & Sotgiu, M. L. Interaction between neurons in
different laminae of the dorsal horn of the spinal cord. A correlation
study in normal and neuropathic rats. Eur. J. Neurosci. 9,
1017–1025 (1997).

12. Eblen-Zajjur, A. A. &Sandkuhler, J. Synchronicity of nociceptive and
non-nociceptive adjacent neurons in the spinal dorsal horn of the
rat: stimulus-induced plasticity. Neuroscience 76, 39–54 (1997).

13. Galhardo, V., Apkarian, A. V. & Lima, D. Peripheral inflammation
increases the functional coherency of spinal responses to tactile
but not nociceptive stimulation. J. Neurophysiol. 88,
2096–2103 (2002).

14. Roza, C. et al. Analysis of spontaneous activity of superficial dorsal
horn neurons in vitro: neuropathy-induced changes. Pflug. Arch.
468, 2017–2030 (2016).

15. Contreras-Hernandez, E. et al. Supraspinal modulation of neuronal
synchronization by nociceptive stimulation induces an enduring
reorganization of dorsal horn neuronal connectivity. J. Physiol. 596,
1747–1776 (2018).

16. Wang, J. et al. Theta-frequency phase-locking of single anterior
cingulate cortex neurons and synchronization with the medial
thalamus are modulated by visceral noxious stimulation in rats.
Neuroscience 298, 200–210 (2015).

17. Luo, H. et al. Dynamic neural state identification in deep brain local
field potentials of neuropathic pain. Front Neurosci. 12, 237 (2018).

18. Jeon, D. et al. Observational fear learning involves affective pain
system and Cav1.2 Ca2+ channels in ACC. Nat. Neurosci. 13,
482–488 (2010).

19. Huang, L. et al. BDNF produced by cerebral microglia promotes
cortical plasticity and pain hypersensitivity after peripheral nerve
injury. PLoS Biol. 19, e3001337 (2021).

20. Cichon, J., Blanck, T. J. J., Gan,W. B. & Yang, G. Activation of cortical
somatostatin interneurons prevents the development of neuro-
pathic pain. Nat. Neurosci. 20, 1122–1132 (2017).

21. Kim,W., Kim, S. K. &Nabekura, J. Functional and structural plasticity
in the primary somatosensory cortex associated with chronic pain.
J. Neurochem. 141, 499–506 (2017).

22. Tan, L. L. et al. Gamma oscillations in somatosensory cortex recruit
prefrontal and descending serotonergic pathways in aversion and
nociception. Nat. Commun. 10, 983 (2019).

23. Peirs, C. & Seal, R. P. Neural circuits for pain: recent advances and
current views. Science 354, 578–584 (2016).

24. Chung, J. M. & Chung, K. Importance of hyperexcitability of DRG
neurons in neuropathic pain. Pain. Pract 2, 87–97 (2002).

25. Chen, C. et al. Long-term imaging of dorsal root ganglia in awake
behaving mice. Nat. Commun. 10, 3087 (2019).

26. Grafe, P., Schaffer, V. & Rucker, F. Kinetics of ATP release following
compression injury of a peripheral nerve trunk. Purinergic Signal 2,
527–536 (2006).

27. Costigan, M., Scholz, J. & Woolf, C. J. Neuropathic pain: a mala-
daptive response of the nervous system to damage. Annu Rev.
Neurosci. 32, 1–32 (2009).

28. Cheng, L. et al. Identification of spinal circuits involved in touch-
evoked dynamic mechanical pain. Nat. Neurosci. 20,
804–814 (2017).

29. Liu, Y. et al. Touch and tactile neuropathic pain sensitivity are set by
corticospinal projections. Nature 561, 547–550 (2018).

30. Woolf, C. J. &Salter,M.W.Neuronal plasticity: increasing thegain in
pain. Science 288, 1765–1769 (2000).

31. Tsuda, M. Microglia in the spinal cord and neuropathic pain. J.
Diabetes Investig. 7, 17–26 (2016).

32. Kim, S. K. et al. Cortical astrocytes rewire somatosensory cortical
circuits for peripheral neuropathic pain. J. Clin. Invest 126,
1983–1997 (2016).

33. Bliss, T. V., Collingridge, G. L., Kaang, B. K. & Zhuo, M. Synaptic
plasticity in the anterior cingulate cortex in acute and chronic pain.
Nat. Rev. Neurosci. 17, 485–496 (2016).

34. Decosterd, I. & Woolf, C. J. Spared nerve injury: an animal model of
persistent peripheral neuropathic pain. Pain 87, 149–158 (2000).

35. Bourquin, A. F. et al. Assessment and analysis of mechanical
allodynia-like behavior induced by spared nerve injury (SNI) in the
mouse. Pain 122, e11–e14 (2006).

36. Murakami, S. & Okada, Y. Contributions of principal neocortical
neurons to magnetoencephalography and electro-
encephalography signals. J. Physiol. 575, 925–936 (2006).

37. Buzsaki, G., Anastassiou, C. A. & Koch, C. The origin of extracellular
fields and currents–EEG, ECoG, LFP and spikes. Nat. Rev. Neurosci.
13, 407–420 (2012).

38. Kim, Y. S. et al. Coupled activation of primary sensory neurons
contributes to chronic pain. Neuron 91, 1085–1096 (2016).

39. Kuner, R. Central mechanisms of pathological pain. Nat. Med 16,
1258–1266 (2010).

40. Saab, C. Y. Pain-related changes in the brain: diagnostic and ther-
apeutic potentials. Trends Neurosci. 35, 629–637 (2012).

41. Woolf, C. J. &Mannion, R. J. Neuropathicpain: aetiology, symptoms,
mechanisms, and management. Lancet 353, 1959–1964 (1999).

42. Basbaum, A. I., Bautista, D. M., Scherrer, G. & Julius, D. Cellular and
molecular mechanisms of pain. Cell 139, 267–284 (2009).

43. Neumann, S., Doubell, T. P., Leslie, T. & Woolf, C. J. Inflammatory
pain hypersensitivity mediated by phenotypic switch in myelinated
primary sensory neurons. Nature 384, 360–364 (1996).

44. Dhandapani, R. et al. Control of mechanical pain hypersensitivity in
mice through ligand-targeted photoablation of TrkB-positive sen-
sory neurons. Nat. Commun. 9, 1640 (2018).

Article https://doi.org/10.1038/s41467-023-36093-z

Nature Communications |          (2023) 14:689 12



45. Rivat, C. et al. Inhibition of neuronal FLT3 receptor tyrosine kinase
alleviates peripheral neuropathic pain in mice. Nat. Commun. 9,
1042 (2018).

46. Xu, Z. Z. et al. Inhibition ofmechanical allodynia in neuropathic pain
by TLR5-mediated A-fiber blockade.Nat. Med. 21, 1326–1331 (2015).

47. Chen, Y., Li, G. W., Wang, C., Gu, Y. & Huang, L. Y. Mechanisms
underlying enhanced P2X receptor-mediated responses in the
neuropathic pain state. Pain 119, 38–48 (2005).

48. Wang, X. et al. P2X7 receptor inhibition improves recovery after
spinal cord injury. Nat. Med. 10, 821–827 (2004).

49. Ford, A. P. In pursuit of P2X3 antagonists: novel therapeutics for
chronic pain and afferent sensitization. Purinergic Signal 8,
3–26 (2012).

50. Kim, S. K., Eto, K. & Nabekura, J. Synaptic structure and function in
the mouse somatosensory cortex during chronic pain: in vivo two-
photon imaging. Neural Plast. 2012, 640259 (2012).

51. Kim, S. K. & Nabekura, J. Rapid synaptic remodeling in the adult
somatosensory cortex following peripheral nerve injury and its
association with neuropathic pain. J. Neurosci. 31,
5477–5482 (2011).

52. Yang,G., Pan, F. &Gan,W. B. Stablymaintaineddendritic spines are
associated with lifelong memories. Nature 462, 920–924 (2009).

53. Yang, G., Pan, F., Parkhurst, C. N., Grutzendler, J. & Gan, W. B.
Thinned-skull cranial window technique for long-term imaging of
the cortex in live mice. Nat. Protoc. 5, 201–208 (2010).

54. Anderson, C. M. & Nedergaard, M. Emerging challenges of
assigning P2X7 receptor function and immunoreactivity in neurons.
Trends Neurosci. 29, 257–262 (2006).

55. Chen, Y. et al. Activation of P2X7 receptors in glial satellite cells
reduces pain through downregulation of P2X3 receptors in noci-
ceptiveneurons.Proc.NatlAcad. Sci. USA 105, 16773–16778 (2008).

56. Song, J. et al. The role of P2X7R/ERK signaling in dorsal root ganglia
satellite glial cells in the development of chronic postsurgical pain
induced by skin/muscle incision and retraction (SMIR). Brain Behav
Immun. 69, 180–189 (2018).

57. LeBlanc, B. W., Bowary, P. M., Chao, Y. C., Lii, T. R. & Saab, C. Y.
Electroencephalographic signatures of pain and analgesia in rats.
Pain 157, 2330–2340 (2016).

58. LeBlanc, B. W. et al. T-type calcium channel blocker Z944 restores
cortical synchrony and thalamocortical connectivity in a rat model
of neuropathic pain. Pain 157, 255–263 (2016).

59. Waxman, S. G. The molecular pathophysiology of pain: abnormal
expression of sodium channel genes and its contributions to
hyperexcitability of primary sensory neurons. Pain 6,
S133–S140 (1999).

60. Laedermann, C. J., Pertin, M., Suter, M. R. & Decosterd, I. Voltage-
gated sodium channel expression in mouse DRG after SNI leads to
re-evaluationof projectionsof injuredfibers.Mol. Pain. 10, 19 (2014).

61. Emery, E. C. et al. In vivo characterization of distinct modality-
specific subsets of somatosensory neurons using GCaMP. Sci. Adv.
2, e1600990 (2016).

62. Chen, T. W. et al. Ultrasensitive fluorescent proteins for imaging
neuronal activity. Nature 499, 295–300 (2013).

63. Katz, L. C. & Shatz, C. J. Synaptic activity and the construction of
cortical circuits. Science 274, 1133–1138 (1996).

64. Leighton, A. H. & Lohmann, C. The wiring of developing sensory
circuits-from patterned spontaneous activity to synaptic plasticity
mechanisms. Front. Neural Circuits 10, 71 (2016).

65. Tritsch, N. X., Yi, E., Gale, J. E., Glowatzki, E. & Bergles, D. E. The
origin of spontaneous activity in the developing auditory system.
Nature 450, 50–55 (2007).

66. Brivanlou, I. H., Warland, D. K. & Meister, M. Mechanisms of
concerted firing among retinal ganglion cells. Neuron 20,
527–539 (1998).

67. Ackman, J. B., Burbridge, T. J. & Crair, M. C. Retinal waves coordi-
nate patterned activity throughout the developing visual system.
Nature 490, 219–225 (2012).

68. Arroyo, D. A. & Feller, M. B. Spatiotemporal features of retinal waves
instruct the wiring of the visual circuitry. Front. Neural Circuits 10,
54 (2016).

69. Zheng, Q. et al. Synchronized cluster firing, a distinct form of sen-
sory neuron activation, drives spontaneous pain. Neuron 110,
209–220.e206 (2022).

70. Okada, T. et al. Pain induces stable, active microcircuits in the
somatosensory cortex that provide a therapeutic target. Sci. Adv. 7,
eabd8261 (2021).

71. Zhang-Hooks, Y., Agarwal, A., Mishina, M. & Bergles, D. E. NMDA
receptors enhance spontaneous activity and promote neuronal
survival in the developing cochlea. Neuron 89, 337–350 (2016).

72. Allene, C. et al. Sequential generation of two distinct synapse-
driven network patterns in developing neocortex. J. Neurosci. 28,
12851–12863 (2008).

73. Ko, H. et al. The emergence of functional microcircuits in visual
cortex. Nature 496, 96–100 (2013).

74. Siegel, F., Heimel, J. A., Peters, J. & Lohmann, C. Peripheral and
central inputs shape network dynamics in the developing visual
cortex in vivo. Curr. Biol. 22, 253–258 (2012).

75. Allene, C. & Cossart, R. Early NMDA receptor-driven waves of
activity in the developing neocortex: physiological or pathological
network oscillations? J. Physiol. 588, 83–91 (2010).

76. Danjo, Y. et al. Transient astrocytic mGluR5 expression drives
synaptic plasticity and subsequent chronic pain inmice. J. Exp.Med
219, e20210989 (2022).

77. Daou, I. et al. Optogenetic silencing of Nav1.8-positive afferents
alleviates inflammatory and neuropathic pain. eNeuro 3,
ENEURO.0140–15.2016 (2016).

78. Hauck, M., Lorenz, J. & Engel, A. K. Attention to painful stimulation
enhances gamma-band activity and synchronization in human
sensorimotor cortex. J. Neurosci. 27, 9270–9277 (2007).

79. Gross, J., Schnitzler, A., Timmermann, L. & Ploner, M. Gamma
oscillations in human primary somatosensory cortex reflect pain
perception. PLoS Biol. 5, e133 (2007).

80. Iwamoto, S., Tamura, M., Sasaki, A. & Nawano, M. Dynamics of
neuronal oscillations underlying nociceptive response in themouse
primary somatosensory cortex. Sci. Rep. 11, 1667 (2021).

81. Cichon, J. et al. Imaging neuronal activity in the central and per-
ipheral nervous systems using new Thy1.2-GCaMP6 transgenic
mouse lines. J. Neurosci. Methods 334, 108535 (2020).

82. Iwaszkiewicz, K. S. & Hua, S. Development of an effective topical
liposomal formulation for localizedanalgesia andanti-inflammatory
actions in the Complete Freund’s Adjuvant rodent model of acute
inflammatory pain. Pain. Physician 17, E719–E735 (2014).

83. Hunskaar, S. & Hole, K. The formalin test in mice: dissociation
between inflammatory and non-inflammatory pain. Pain 30,
103–114 (1987).

84. Drew, P. J. et al. Chronic optical access through a polished and
reinforced thinned skull. Nat. Methods 7, 981–984 (2010).

85. Dixon, W. J. Efficient analysis of experimental observations. Annu
Rev. Pharm. Toxicol. 20, 441–462 (1980).

86. Chaplan, S. R., Bach, F. W., Pogrel, J. W., Chung, J. M. & Yaksh, T. L.
Quantitative assessment of tactile allodynia in the rat paw. J.
Neurosci. Methods 53, 55–63 (1994).

87. Chung, S. et al. The melanin-concentrating hormone system
modulates cocaine reward. Proc. Natl Acad. Sci. USA 106,
6772–6777 (2009).

88. Sun, L. et al. Contribution of DNMT1 to neuropathic pain genesis
partially through epigenetically repressing Kcna2 in primary affer-
ent neurons. J. Neurosci. 39, 6595–6607 (2019).

Article https://doi.org/10.1038/s41467-023-36093-z

Nature Communications |          (2023) 14:689 13



Acknowledgements
We thank members of Gan and Yang Laboratories for the helpful dis-
cussion. This work was supported by National Natural Science Founda-
tion of China grants 82101312 (L.S.) and 81520108017 (P.T.) as well as by
the by Guangdong Natural Science Foundation for Major Cultivation
Project (2018B030336001) (Y.B.).

Author contributions
C.C., L.S., W.-B.G., P.T., and G.Y. designed the experiments. C.C., L.S.,
A.A., H.Z., and Y.B. performed the experiments and analyzed the data.
L.Z. (Licheng Zhang), L.Z. (Lihai Zhang), J.D. and J.Z. analyzed the data.
All of the authors contributed to data interpretation. C.C., L.S., W.-B.G.,
and G.Y. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-36093-z.

Correspondence and requests for materials should be addressed to
Guang Yang, Wen-Biao Gan or Peifu Tang.

Peer review information Nature Communications thanks Carl Saab and
the other, anonymous, reviewer(s) for their contribution to the peer
review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-36093-z

Nature Communications |          (2023) 14:689 14

https://doi.org/10.1038/s41467-023-36093-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Synchronized activity of sensory neurons initiates cortical synchrony in a model of neuropathic pain
	Results
	Peripheral nerve injury increases cortical oscillation and synchronized neuronal activity
	Injury induces synchronized activity in DRG before enhanced cortical oscillation
	Axotomized neurons initiate DRG activity synchrony
	ATP released at the traumatic zone initiates DRG synchrony
	Peripheral purinergic signaling contributes to SNI-induced cortical plasticity and oscillation
	Increased DRG synchrony is critical for pain-related cortical changes in naive mice

	Discussion
	Methods
	Experimental animals
	Animal models
	In vivo DRG Ca2+ imaging
	In vivo Ca2+ imaging in S1 HL region
	Two-photon imaging of dendritic spines in S1 HL region
	Bioluminescence imaging of ATP
	Surgical procedure for in�vivo DRG imaging
	Electrode implantation and ECoG recording in S1 HL region
	DiI labeling
	Sciatic nerve isolation in SNI mice
	Catheter implantation to the surface of DRG
	Drug delivery
	Behavioral tests
	Western blot assay
	Data analysis
	Statistical analysis
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




